An 18-coefficient modified Benedict-Webb-Rubin equation of state for HFC-125 ͑pentafluoroethane͒ has been developed. Correlations of vapor pressure and saturated liquid density are also presented. This equation of state has been developed using experimental data for the relationship of pressure-volume-temperature of fluid, saturation properties, isochoric heat capacity data, and speed of sound data. The equation of state is valid in the superheated gaseous phase and the compressed liquid phase at pressures up to 68 MPa, densities to 1700 kg/m 3 , and temperatures from the triple point ͑172.52 K͒ to 475 K. This equation of state has been selected as an international standard formulation for HFC-125 based on an evaluation of the available equations of state by Annex 18 of the International Energy Agency.
Introduction
HCFC-22 ͑chlorodifluoromethane͒ is one of the most widely used working fluids in air conditioning systems. Due to increasing environmental issues, HCFC-22 is scheduled to be phased out before 2030 due to its contribution to ozone depletion. There is no single-component refrigerant to replace HCFC-22 at this moment, although some binary and ternary mixtures have been proposed; e.g., the HFC-32/125 binary and the HFC-32/125/134a ternary systems are considered the most probable substitutes to replace HCFC-22. HFC-125 is included in all of these mixture candidates, and it is important that its properties be known to high accuracy.
We have reported equations of state for HFC-134a ͓Piao et al. ͑1994͔͒, HCFC-123 ͓Piao et al. ͑1993͔͒, HFC-32 ͓Piao and Noguchi ͑1996a͔͒, and HFC-125 ͓Piao and Noguchi ͑1996b͔͒ based on available thermodynamic property measurements. All of these equations of state were developed using the same functional form: an 18-coefficient modified Benedict-Webb-Rubin ͑BWR͒ equation of state proposed by Piao et al. ͑1993͒ .
During the last several years, many experimental studies of the thermodynamic properties of HFC-125, i.e., singlephase pressure-volume-temperature ͑PVT͒ properties, saturation properties, critical parameters, heat capacities, speed of sound, second virial coefficients, and ideal gas heat capacities, have been reported. In this study, an equation of state for HFC-125 is proposed using the most recent information.
It is very important to select standard formulations for use by the refrigeration industry. The recommendation of international standard formulations for the alternative refrigerants has been carried out by Annex 18 ͑Thermophysical Properties of the Environmentally Acceptable Refrigerants͒ under the Heat Pump Program of the International Energy Agency ͑IEA͒. Phase I of the IEA-Annex 18 resulted in the designation of international standard formulations for HFC-134a ͓Tillner-Roth and Baehr ͑1994͔͒ and HCFC-123 ͓Younglove and McLinden ͑1994͔͒.
During Phase II, the comparison and evaluation of the available equations of state for HFC-32 and HFC-125 were assigned to an independent group, the IUPAC Thermodynamic Tables Project Center at Imperial College, London, U.K. The IUPAC group presented their final evaluation report ͑Kilner and Craven, 1996͒ at the September, 1996 meeting of Annex 18 in Toronto, Canada. The equation of state presented here was chosen as the international standard formulation for HFC-125. The equation of state of Tillner-Roth and Yokozeki ͑1997͒ was selected for HFC-32 at the same time.
Experimental Data
Eight studies for the critical parameters have been reported as listed in Table 1 . All temperature values were converted to ITS-90. A comparison of the different critical parameters is shown in Figs. 1 and 2 on pressure-temperature and temperature-density diagrams.
Kuwabara et al. ͑1995͒ measured the vapor-liquid coexistence curve and determined the critical temperature and density by observing the disappearing meniscus level and the The critical pressure was determined indirectly by extrapolating vapor pressure measurements to the critical temperature, P c ϭ3617.5Ϯ3 kPa. ͑3͒
There are 18 experimental studies available reporting more than 600 vapor pressure measurements for HFC-125. The available vapor pressure measurements are listed in Table 2 and the selected vapor pressure measurements are summarized in Fig. 3 . On the basis of the selected vapor pressure measurements in Fig. 3 
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, and pressures up to 68 MPa. Lueddecke and Magee ͑1996͒ reported 99 isochoric heat capacity points for the liquid phase and 93 heat capacity points for the saturated liquid. Wilson et al. ͑1992͒ and Kan et al. ͑1996͒ reported 10 and 78 isobaric heat capacity data points, respectively, mostly in the compressed liquid phase. Hozumi et al. ͑1996͒ and Gillis ͑1997͒ reported 72 and 149 speed of sound data points in the vapor phase, and Grebenkov et al. ͑1994͒ and Takagi ͑1996͒ reported 30 and 167 speed of sound data points in the liquid phase, respectively. Kraft and Leipertz ͑1994͒ reported 21 speed of sound data points along the saturated liquid and vapor boundaries. The heat capacity and speed of sound measurements are summarized in Table 6 and Fig. 8 . Published values for the second virial coefficients are summarized in Table 7 .
Ideal Gas Heat Capacity
The correlation of the ideal gas heat capacity reported by Hozumi et al. ͑1996͒ was adopted in this study,
where R 0 ϭ8.314471 kJ/͑kmol K͒ and the coefficients are given in Table 8 . Published values of the ideal gas heat ca- Table 9 . Figure 9 shows comparisons of the ideal gas heat capacity values with values calculated from Eq. ͑6͒. In this study, we revised our equation of state ͓Piao and Noguchi ͑1996b͔͒ by using new and updated measurements. Vapor pressure calculations were also improved according to a recommendation of the IEA Annex 18.
Modified BWR Equation of State
The equation of state was developed based on the available measurements by a least square fitting method. The input data of the least square fitting procedure included PVT data, saturation data ͑Maxwell's equal area principle͒, critical point constraints, isochoric heat capacities, and speed of sound data. The critical point constraints include the conditions that the calculated pressure at the critical temperature and density is equal to the critical pressure, and that the first and second differentials of pressure with respect to density at constant temperature are zero at the critical point. The saturation data, i.e., vapor pressures coupled with saturated vapor and liquid densities, and the Maxwell's equal area principle, i.e., the thermodynamic restriction that the Gibbs free energy of the saturated liquid and vapor values are equal at the same temperatures, were calculated from Eqs. ͑4͒ and ͑5͒, and a supplementary correlation for the saturated vapor density developed in the present study. This was done since it is difficult to obtain vapor pressure data and saturated liquid and vapor densities at exactly the same temperature. The saturated vapor density correlation was developed based mainly on data calculated from Eq. ͑4͒ and a simple but highly accurate supplementary equation of state for the superheated gaseous phase and supercritical region. The isochoric heat capacity measurements were used directly in the fitting procedure. The isobaric heat capacity data and speed of sound data were used indirectly in the fitting procedure. The equation of state was fitted without the isobaric heat capacity data and speed of sound data initially. Data for the first derivative of pressure with respect to density were then derived from speed of sound data using the equation of state and were included in the fitting procedure. These data were updated when the behavior of isochoric and isobaric heat capacities improved. Table 10 . It should be noted that the calculated critical parameters from the equation of state, Eq. ͑7͒, are slightly different from the critical parameters adopted in this study. As mentioned above, the critical parameters and the first and second differentials of pressure with respect to density were treated as inputs similar to other data, e.g., PVT data, vapor pressure data, etc., but have much higher weighting factors compared to the other data points. Consequently, it was difficult to force the equation of state to go through the critical point exactly, and reproduce other properties as well. Table 4 . Figure 13 shows comparisons of measured PVT data and the equation of state for the superheated gaseous phase and the supercritical region. The numerical results of the comparisons are summarized in Table 11 . For the compressed liquid phase, the comparisons are shown in Fig. 14 
Single-Phase PVT Data and Second Virial Coefficients

Heat Capacity and Speed of Sound Data
The equation of state represents the C p data reported in the liquid phase by Wilson et al. ͑1992͒ and Kan et al. ͑1996͒ with maximum deviations of Ϫ3.41% and 2.65%, and standard deviations of 1.60% and 0.44%, respectively, as shown in Fig. 17 . The C v data reported in liquid phase by Lueddecke and Magee ͑1996͒ are also represented with a maximum deviation of Ϫ1.54% and a standard deviation of 0.57%, as shown in Fig. 18 
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Pressure-Temperature Behavior of Heat Capacity and Speed of Sound
The mBWR equation of state presented here represents the experimental data over the entire fluid phase. Figures 21, 22 and 23 show the behavior of the isobaric heat capacity, isochoric heat capacity, and speed of sound calculated from the equation of state. We can examine the quality of the thermodynamic surface derived from the mBWR from the behavior of these properties. The isobars shown in Fig. 21 show very smooth behavior both in the gaseous and liquid phases. For the isochoric heat capacity, isobars cross around 240 K in the liquid phase. The speed of sound does not go to zero at the critical point, a common defect of analytical equations of state. The behavior of the heat capacities and the speed of sound are not represented accurately in the immediate vicinity of the critical point. Other than these few exceptions, the thermodynamic property surface is represented very well.
Summary and Conclusions
An 18-coefficient mBWR equation of state for HFC-125 has been developed. New correlations for the vapor pressure and saturated liquid density are also presented. This equation of state is valid from the triple point to 475 K, at densities up to 1700 kg/m 3 state and pressures up to 68 MPa over the entire fluid phase.
This equation of state has been selected as the international standard formulation for HFC-125, based on an evaluation of the available equations of state by IEA-Annex 18.
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Appendix A: Derived Properties
The pressure is calculated from the Helmholtz free energy a using
from which the Helmholtz energy is calculated using
where the superscript 0 denotes the ideal gas state. The entropy s, internal energy u, enthalpy h, and Gibbs free energy g are given as
and gϭaϩ Pvϭaϩ P . ͑A6͒
The isochoric heat capacity C v , the isobaric heat capacity C p , and the speed of sound w are given by 
C.-C. PIAO AND M. NOGUCHI
Finally, the Joule-Thomson coefficient , and the isentropic expansion exponent are given by
The Helmholtz free energy in the ideal gas state is calculated using
͑A14͒
T 0 is a reference temperature, and C u and C s are constants of the integration from the reference temperature. The International Institute of Refrigeration standard was adopted here by setting the enthalpy and the entropy to 200 kJ/kg and 1 kJ/͑kg K͒, respectively, at 0°C for the saturated liquid. The corresponding values for the constants of integration are C u ϭ324.932 13 kJ/kg and C s ϭ1.324 298 3 kJ/͑kg K͒. 
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All of the thermodynamic quantities used in engineering calculations can be calculated from these fundamental functions, Eqs. ͑A1͒-͑A14͒.
The core functions used in Eqs. ͑A1͒-͑A14͒ are given as follows. The partial derivative of pressure with respect to temperature is given by
͑A16͒
The partial derivative of pressure with respect to density is given by 
͑A23͒
The first partial derivative of Helmholtz free energy with respect to temperature is given by 
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ͩ ‫ץ‬a R ‫ץ‬T ͪ ϭT c RZ c ͩ ‫ץ‬a r R ‫ץ‬T r ͪ r , ͑A25͒ ͩ da v 0 dT ͪ ϭ ͩ du 0 dT ͪ ϪT ͩ ds 0 dT ͪ Ϫs 0 , ͑A26͒ where ͩ ‫ץ‬a r R ‫ץ‬T r ͪ r ϭ ͚ iϭ1 14 c i Ϫn i m i Ϫ1 r m i Ϫ1 T r n i ϩ1 Ϫ ͚ iϭ15 16 c i n i 2 1 T r n i ϩ1 ϫ͓1Ϫexp͑Ϫ r 2 ͔͒Ϫ ͚ iϭ17 18 c i n i 2 1 T r n i ϩ1 ϫ͓1Ϫ͑1ϩ r 2 ͒exp͑ Ϫ r 2 ͔͒ϩ 1 Z c ln͑ r ͒, ͑A27͒ du 0 dT ϭR͓͑d 1 Ϫ1͒ϩd 2 Tϩd 3 T 2 ͔, ͑A28͒ ds 0 dT ϭR ͫ d 1 Ϫ1 T ϩd 2 ϩd 3 T ͬ .
͑A29͒
The second partial derivative of Helmholtz free energy with respect to temperature is given by This appendix presents tables for the properties of HFC-125 and a diagram of the thermodynamic surface on pressure-enthalpy chart ͑Fig. 24͒. The reference states for enthalpy and entropy follow the convention of the International Institute of Refrigeration, namely, hϭ200 kJ/kg and sϭ1 kJ/͑kg K͒ for the saturated liquid at 0°C.
The symbols and superscripts used in Table 12 and Table  13 
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